Although approximately 35 million people in the US obtain drinking water from domestic wells, few studies have investigated the risk of arsenic exposure from this source. In this paper arsenic concentrations were modeled for public and domestic wells using a dataset from the US Geological Survey (USGS). Excess lifetime and annual risks for lung and bladder cancer were calculated based on the carcinogenic potency and average arsenic concentrations in public and domestic water supplies. Monte Carlo uncertainty analysis was used to estimate the degree of confidence in these estimations. Results indicated that domestic well users accounted for 12% of the US population, but 23% of overall arsenic exposure from drinking water. Assuming that the new and more restrictive arsenic maximum contaminant limit (MCL) is implemented for public water supplies, it is anticipated that the proportion of people experiencing excess annual fatalities from drinking water from domestic wells will increase to 29% unless corresponding efforts are made to reduce exposures among domestic well users. Differences between public and domestic wells were not consistent across the nation. Public wells tend to tap deeper aquifers than domestic wells, and as a result local arsenic-depth trends can contribute to differences between public and domestic wells. Domestic wells and public wells in the western US have the highest arsenic levels with excess fatality risks estimated to be in the range of 1 per 9300 to 1 per 6600 in these regions. Uncertainty distributions of excess fatalities were developed and resultant uncertainties were propagated in arsenic exposure and potency factor. Uncertainty in the carcinogenic potency of arsenic was the dominant source of uncertainty in most regions, but for domestic wells in the New England and Southeast regions uncertainty in arsenic exposure was dominant, indicating that additional data on arsenic concentrations in these areas would substantially improve regional risk estimates.
Introduction
Arsenic has been associated with both cancer (skin, lung, and urinary bladder) and non-cancer health effects, such as keratosis (skin lesions) (Brown and Ross, 2002) . Arsenic toxicity depends on its forms. Dietary exposure consists primarily of organic arsenic, which is less toxic than the inorganic arsenic forms which predominate in drinking water. Among inorganic forms of arsenic, arsenite (As(III)), predominantly found under reducing conditions, has been observed to be more toxic than arsenate (As(V)), predominantly found under oxidizing conditions (Ferguson and Gavis, 1972) .
In 2001, the US EPA lowered the Maximum Contaminant Level (MCL) for arsenic in drinking water from 50 to 10 mg/l (US EPA, 2001a) after several evaluations indicated that the 50 mg/l standard was not sufficiently protective of human health (NRC, 1999 (NRC, , 2001 US EPA, 2000 , 2001a . To inform this regulatory effort, a number of studies (Frey and Edwards, 1997; Gurian et al., 2001a, b; US EPA, 2001a) estimated the occurrence of arsenic in US public drinking water and its potential adverse effects on human health. However, these previous studies did not address exposure to the portion of the US population that relies on private wells not subject to federal drinking water standards. These wells typically serve a single household in a rural area and are referred to as domestic wells in this paper. This represents a potentially vulnerable population, as these wells are monitored less frequently than regulated public supplies (Shiber, 2005; Focazio et al., 2006; Walker et al., 2006) and are generally not treated to remove contaminants. This study estimates the national arsenic exposure and health risk attributable to domestic wells. These values are compared with previous estimates for public supplies to aid in prioritizing future risk mitigation efforts.
To the authors' knowledge this is the first national exposure and risk assessment conducted for domestic wells for any contaminant in the US. Focazio et al. (2006) recently conducted a study on chemical water quality of different self-supplied drinking water sources (including domestic wells) across the US and reported that B11% of the 7580 wells had arsenic concentrations higher than the 10 mg/l MCL and suggested the need for monitoring these wells also. A previous national study of the US (Focazio et al., 2000) found that arsenic concentrations were lower in public water supply wells than in other types of wells, such as monitoring and agricultural wells, possibly due to public suppliers selecting higher quality source waters, but the authors did not make a direct comparison between public and domestic wells, nor estimate health risks. A number of previous studies have addressed domestic wells on a regional basis and found some areas with high arsenic levels. Loiselle et al. (2001) found that in Maine 1-3% of domestic wells had water with arsenic concentrations above 50 mg/l, and more than 12% of wells had concentrations that exceeded 10 mg/l. In New Hampshire, domestic wells serve roughly 40% of the population, and about 10% of these contain arsenic concentrations exceeding the 10 mg/l MCL (Ayotte et al., 1999) . Another study found that arsenic levels in domestic wells in New Hampshire exceeded those of public supply wells (Joel et al., 1999) . Shaw et al. (2005) sampled 351 households using water from domestic wells in rural areas of Churchill County and Nevada and reported 17% of them with arsenic exceeding 100 mg/l. Shiber (2005) analyzed 179 water samples coming from private wells in 26 counties of eastern Kentucky, western Virginia, southern Ohio, and northeastern Tennessee and observed that 6% had arsenic far exceeding the MCL.
Methods

Raw Water Arsenic Concentrations
In this study, arsenic concentrations across the US were modeled based on the seven regions developed by Frey and Edwards (1997) (Figure 1 ). Concentrations in each of the seven regions and two well types (public and domestic) were modeled separately, resulting in a total of 14 different statistical distributions. Parameters were estimated using groundwater arsenic data compiled by the USGS as part of the National Water-Quality Assessment (NAWQA) program (Focazio et al., 2000) . The data set, collected from 1976 to 1996, provides a single raw water arsenic measurement for 5212 domestic wells and 1975 public groundwater supplies across the US. The database also includes the sampling date and time, well depth, state, and latitude and longitude of each observation. The analytical method used for the samples had a reporting limit of 1 mg/l. The distribution of arsenic in groundwater observations for each region and well type was fitted with a lognormal distribution using maximum-likelihood methods. The likelihood function of the data is given by Eq. (1):
where Y ij denotes the arsenic concentration (in mg/l) measured at any system j in region i; m i and s i 2 are the mean and variance of region i. The probability density distribution function of a normal distribution is denoted by f(log Y ij |m i , s i ) and the cumulative density function of a normal distribution evaluated at the censoring point of log 1 by F(log1|m i , s i ). d ij is an indicator variable which is zero for censored observations and 1 for measured observations. Parameter estimates were obtained by maximum-likelihood estimation (MLE) methods using the SOLVER function in Microsoft Office's Excel with m and s as the control variables. The R statistical computing software package 1 was used for estimating the SE of the parameters based on the inverse of the information matrix (Johnston and Dinardo, 1997) . The mean arsenic concentration (C) for a lognormal distribution was calculated as follows (Ott, 1995) :
First order uncertainty analysis (Morgan and Henrion, 1990 ) was used to calculate the imprecision in the estimation of average concentration values given the SE and covariance of the mean (m) and the SD (s). Bivariate correlations (Kendall's tau (b) correlation coefficients) among different factors such as well type, arsenic concentration, and well depth were calculated using the SPSS software package (version 15.0 for Windows).
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Finished Water Arsenic Concentrations
Public supplies may use treatment methods which remove arsenic before supplying the water, and thus reduce arsenic exposure from finished water (McNeill and Edwards, 1995; Chen et al., 1999; Gurian et al., 2004) . To account for arsenic removal by treatment processes in water from public supplies, average arsenic removals estimated by the statistical simulation study of Gurian et al. (2004) were applied to the source water arsenic concentrations to calculate finished water arsenic concentrations from public wells for every region. The fraction of arsenic removed for every region is summarized in Table 1 . The uncertainty in the fraction of arsenic removed for water from public supplies (95% confidence interval) is also presented in Table 1 .
Exposed Population
Two methods were explored to find the population served by domestic and public water supplies in each of the seven regions (Figure 1 ). The first method used EPA's Safe 1 http://www.r-project.org/ 2 SPSS Inc., Chicago, Ill, U.S.A.
Drinking Water Information System (SDWIS) that has information on population served by public water supplies in all states in combination with US census (US Census, 2001 ) data on the total population of each state. In theory the population served by domestic wells should be equal to the difference between the total population and the population served by public supplies. However, for several states and regions the population served by public supplies reported in SDWIS actually exceeded the total population reported in the census. SDWIS is an archive of data reported by states and individual water supplies without extensive quality assurance measures by EPA. In such circumstances overcounting could result either from inactive systems being maintained in the database or from wholesale (indirect) water supplies reporting the customers that they serve indirectly. In contrast, undercounting is usually more of a concern with the census as people may fail to respond to census bureau queries. Because of the inconsistencies in the two data sources, a method was developed that used census data only and avoided relying on EPA's compiled but invalidated data in SDWIS. Census data (US Census, 2001) was divided into population within Metropolitan Statistical Areas (MSAs) and population outside MSAs (i.e., rural population). Population within MSAs was further subdivided into two groups, central city and suburban. The proportions of each of the three population classifications served by public and domestic water supplies were taken from the US Census (2001) , and the population served by domestic and public water supplies was calculated for each region. The population served by public supplies was further divided into those supplied by surface water and those supplies by groundwater, based on the fraction of the population in each region using the two source types in the SDWIS database. This assumes that both surface and groundwater are equally prone to the reporting inaccuracies found in SDWIS.
Arsenic Exposure and Risk Estimates
The population figures, the average arsenic concentrations, and the per capita water consumption were multiplied (Eq. (3)) to calculate the arsenic exposures for each region and source water type for both public and domestic water supplies.
Arsenic exposure ¼Per capita water consumption ÂPopulationÂConcentration ð3Þ A water consumption rate of 1 l/person/day was used for every population group for all regions (US EPA, 2001b). This does not address possible differential rates of tap water consumption among public and domestic water supply users. The dataset used in this study does not include observations at public surface water supplies. Exposure values for public surface water are based on the model of Gurian et al. (2004) . Excess lifetime risks for cancer from arsenic exposure were calculated by multiplying the potency factor for arsenic by the exposure values for each region, well type, and water source. The potency factor (sum of lung and bladder cancer potencies) of 2.2 Â 10 À2 risk/mg/day was developed by Gurian et al. (2004) using the point-of-departure method (NRC, 1999) . In this method, arsenic exposures, which are below the level where quantitative estimates can be made, were calculated by linear extrapolation from the lowest accurately quantifiable level, termed the point-of-departure. The NRC Subcommittee on Arsenic in Drinking Water (NRC, 1999) recommended a point-of-departure risk in the 1-5% range. In this study, a 1% lifetime excess risk of mortality was used as the point-of-departure and annual risks were calculated as the lifetime risk divided by an assumed lifetime of 70 years. Uncertainty in the potency factor was described by a lognormal distribution with a log-mean of À3.8 ln(risk/(mg/day)) and a log-SD of 0.22 ln(risk/(mg/ day)) (Gurian et al., 2004) . These values were chosen to match the best estimate and confidence intervals reported by an earlier study focused on the determination of risks of internal cancers (i.e., bladder, lung, and liver cancers) from arsenic in drinking water using ecological cancer data from an arseniasis-endemic region of Taiwan (42 villages; Morales et al., 2000) . Specifically, the best estimate of the sum of the lung and bladder cancer potencies of 0.022 risk/(mg/day) was log-transformed to obtain an estimate for the log-mean of À3.8 ln(risk/(mg/day)). The 95% upper bound of 0.031 risk/(mg/day) from Morales et al. (2000) was log-transformed, subtracted from the log-median, and divided by its Z-value of 1.64 to obtain an estimated log-SD of 0.22 ln(risk/(mg/day)). Monte Carlo uncertainty analysis was used to assess uncertainty in the estimation of risk.
Correlations between the uncertain inputs to the Monte Carlo simulation (arsenic concentration and carcinogenic potency factor) and the simulation output (risk) were used to rank the relative contributions of different sources of uncertainty to the overall uncertainty in risk.
Results
Arsenic in Groundwater
The estimated values of the log-means and log-SD of the regional arsenic concentrations and estimates of variance and covariance of these parameters are presented in Table 2 . The lognormal model fit the empirical data well for both domestic and public supplies. For example, Figure 2 compares the models and the empirical distributions for the New England and South Central regions. Comparisons of the average regional arsenic concentrations are shown in Figure 3 . The first two bars in each region show the mean arsenic concentration in untreated domestic and public groundwater estimated from the USGS database. In most cases, the confidence intervals overlap or nearly overlap. Of the two regions with clearly significant differences, the New England region has higher arsenic in domestic wells, and the South Central region has higher arsenic in public wells. The fact that differences between domestic and public wells were not consistent across the nation but dependent on region was investigated further by considering bivariate Table 2 . Estimated values of log-mean (m) and log-SD (s) of arsenic concentrations and variance and covariance estimates of mean and SD for each region and well type. correlations among well type (domestic versus public), well depth, and arsenic concentration. These bivariate correlations (Table 3) were computed for the United States as a whole, and for three states: one with higher arsenic concentrations in domestic wells (New Jersey, Po0.01), one with lower arsenic concentrations in domestic wells (Oklahoma, Po0.01), and one with comparable levels in public and domestic wells (New Mexico, P ¼ 0.70). On a national level public wells are associated with very slightly lower arsenic concentrations (Kendall's tau (b) correlation of À0.059 between arsenic concentration and an indicator variable set to 1 for public wells and 0 for domestic wells, Table 3 ). There is a very small national association between arsenic and well depth (Kendall's tau (b) correlation of 0.039) with deeper wells having higher arsenic concentrations compared with shallower wells. There is a significant association between the indicator variable for public wells and depth (Kendall's tau (b) correlation of 0.306) with public wells being deeper than domestic wells. In keeping with the national trend, there is a statistically significant association (Po0.01) between well type and well depth (positive bivariate correlation) in Oklahoma, New Mexico, and New Jersey indicating deeper wells for public supplies than domestic wells. In contrast, associations between arsenic and well depth vary with region. The positive and statistically significant correlation between arsenic and well depth observed for Oklahoma (Table 3 ) results in the deeper public wells in Oklahoma having higher arsenic concentrations compared with shallower domestic wells (Figure 4a ). However, the association between arsenic and well depth was not observed to be statistically significant for New Mexico (Table 3, Figure 4b ) and there is no significant difference between public and domestic well arsenic levels.
For New Jersey, there is no significant association between well depth and arsenic as measured by Kendall's tau (b) (P ¼ 0.196) (Table 3, Figure 4c ). However, domestic wells have significantly higher arsenic levels (Po0.01). This suggests that factors other than depth account for this difference. A greater selectivity toward low arsenic sources may be found among public supplies as public supplies presumably test more frequently and have a wider range of source water options than domestic well users. This selectivity may be more pronounced in a water-rich area, such as New Jersey, than in regions with more limited water resources, such as Oklahoma or New Mexico. In summary, the differences between public and domestic wells vary by region. In some cases the local geology is such that the deeper strata (and hence public wells) have higher arsenic, whereas in other locations the shallower strata (and hence domestic wells) have higher arsenic. Still, in other locations, there are no significant depth trends and either there are no significant differences between the two well types or other factors, such as selectivity, may contribute to differences between public and domestic supplies.
Treated Water Arsenic Concentrations
An important difference between public and domestic wells is that in some cases, public groundwater is treated with processes that remove arsenic (principally, iron oxide/ manganese oxide removal processes, McNeill and Edwards, 1995; Chen et al., 1999; Gurian et al., 2004) , whereas domestic wells are generally untreated. Applying the regional removals for groundwater results in finished water arsenic concentrations (Figure 3 ) that are significantly lower than domestic well arsenic concentrations for four regions (New England, Midwest, North Central, and West), whereas concentrations are comparable between domestic and finished public water in the remaining three (with South Central showing somewhat higher public finished water arsenic concentrations) regions. Although there is no strong overall national trend if one compares the untreated domestic and untreated public groundwater (i.e., in some regions domestic well arsenic levels are higher, but in others public groundwater arsenic levels are higher), when one allows for the removal of arsenic in public treatment systems, then overall national average arsenic concentration is higher in domestic wells (i.e., in some regions domestic wells are higher, whereas in other regions domestic and public groundwater are comparable). Finished public surface water concentrations are comparable with finished public groundwater levels and generally lower than domestic wells. In summary, finished water arsenic levels are somewhat lower in public supplies Finished Public SW (Gurian et al., 2004) . Significance values (2-tailed) shown in parentheses, *Correlation is significant at the 0.01 level (2-tailed).
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than in domestic wells, but much of this difference appears to be due to treatment, rather than selection of higher quality water sources. Table 4 shows the total arsenic exposure (i.e., arsenic consumed in g/d) for each source type and region. These values are influenced by the total population in each group. To identify highly exposed groups the percentages of the national population and percentage of national exposure for each group are also provided in Table 4 . For public supplies, arsenic exposure from drinking surface water accounted for 41% of total US exposure, but 58% of the population indicating that per-person exposures are below the national average. In the case of public groundwater supplies, the share of total exposure (36%) is modestly higher than the share of total population (30%). For domestic wells per-person exposures are substantially higher than public supplies. Almost 12% of the national population (35 million people) was estimated to use domestic supplies (Figure 5a ), but this population accounted for 23% of the total US drinking water exposure to arsenic (Figure 5b , Table 4 ). This estimate is based on arsenic exposures before the 10 mg/l MCL was implemented. If one assumes that public supplies have or will reduce exposure as a result of the new MCL (Gurian et al., 2004) and that domestic well arsenic levels will remain unchanged as the MCL is not legally applicable, the portion of national exposure associated with domestic wells is increased to 29% (Figure 5c ).
Exposed Population
Excess Lifetime Risks for Lung and Bladder Cancer
Excess lifetime risks for lung and bladder cancer were calculated for both domestic wells and public water sources (surface and groundwater) for each region (Table 4) . Results indicated that the Western region had the highest excess fatality rates of 152 people per million people and 117 people per million people for domestic and public supplies, respectively (Table 4) . Similarly, the New England region had a comparably high fatality rate of 125 people per million people for domestic supplies. The safest population group was the domestic well users of the Southeast region with an excess fatality rate of 11 people per million people. On a national level, domestic well users were exposed to higher risk (66 people per million people) as compared with public well users (14 people per million people) (Table 4) . Nationally public well users drinking surface water were exposed to lower risk (25 people per million people) compared with public well users drinking groundwater (43 people per million people) (Table 4) .
Uncertainty
Monte Carlo uncertainty analysis was undertaken to estimate the degree of confidence that can be placed on the risk estimates developed here. In this model, there were two uncertain parameters, carcinogenic potency (K) and average arsenic concentration (C). Monte Carlo simulation was used to propagate uncertainties in these parameters and develop an uncertainty distribution for excess risk. Correlation coefficients between model inputs and outputs were used to understand the relative contributions of different parameters to the overall uncertainty in a given model output (Table 5) . Because the uncertainty in the potency factor was the same Population-weighted average risk for ground water and surface water.
Arsenic exposure in USfor all regions and well types, the differences in the correlations were observed due to differing amounts of uncertainty in the average arsenic concentration. In cases where the average concentration had been sufficiently well characterized, it contributed little to the overall uncertainty compared with the highly uncertain potency factor. In cases where there was more uncertainty in the average concentration, this factor might become the dominant source of uncertainty in the number of fatalities. For example, the confidence interval for the average concentration was very high for New England domestic well users (95% confidence interval: 2.5-8.9 mg/l; mean: 5.70 mg/l) (Figure 3 ) and the correlation between average concentration and risk was correspondingly high (0.77) ( Table 5) . Risk was more strongly correlated to exposure than to potency factor for domestic well in the New England and Southeast regions ( Table 5 ). In these two groups additional data on arsenic concentrations would be particularly valuable and could be obtained by sampling efforts or better compilation of existing state and local databases. For the other 12 groups, the potency factor was the dominant contributor to uncertainty in risk. Reducing this uncertainty would be difficult as additional epidemiological information would be required.
Discussion
Domestic supplies, in general, had higher arsenic concentrations than water from public drinking water supplies, but this appears to be due mostly to the treatment, which many public water supplies receive rather than a consistent trend toward lower arsenic in the source water. The magnitude and direction of the difference in arsenic concentration between public and domestic wells depends on the specific regional hydrogeology. Because public wells tend to be deeper than domestic wells, regions in which arsenic varies with depth will have differences between public and domestic well arsenic levels. Nationally there is a very modestly positive association between well depth and arsenic concentration (Table 3) . However, the direction and magnitude of this association varies from region to region. This study did not address the species of arsenic present in the water. Domestic supplies are derived from groundwater, which may have substantial amounts of arsenite, whereas public supplies draw substantially on surface water where arsenate predominates. Domestic well users may be exposed not only to higher arsenic levels, but also to water, which has a higher proportion of the more toxic arsenite ion. However, the greater depth of the public supply wells may result in their tapping more reduced waters with more arsenite. Further research would be needed to clarify whether exposures to different arsenic species vary by well type.
Arsenic exposure contributed significantly to the uncertainty in the overall risk assessment. Further sampling in regions with high uncertainties in the estimated mean arsenic concentration would effectively improve the exposure estimates. In particular, the New England and North Central regions require more data for domestic supplies. No single existing dataset addresses the arsenic concentrations for the entire US population with raw and finished water sources for both domestic and public water supplies. Much information
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Public 71% (Marquez et al., 2005) , but only two of these wells analyzed by this study were included in the USGS dataset.
Based on these results regulators may wish to consider monitoring and regulation of arsenic in domestic wells as these wells present a disproportionately higher risk than public supplies. These efforts should also include outreach efforts to make the affected population aware of the higher arsenic exposure associated with drinking water from through domestic wells. Preventive measures can include reducing the arsenic exposure from these wells by treating the water for arsenic with point-of-use treatment devices (Gurian and Small, 2002) . In addition, selection of well depth using information about underlying aquifer types and water quality characteristics could help in minimizing exposure to arsenic and other contaminants in drinking groundwater.
